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APPARATUS AND METHOD OF
CONTROLLING A MULTI-PHASE POWER
CONVERTER, HAVING A PLURALITY OF

POWER STAGE CIRCUITS COUPLED IN
PARALLEL

RELATED APPLICATIONS

This application 1s a continuation of the following appli-
cation, U.S. patent application Ser. No. 16/894,813, filed on
Jun. 7, 2020, and which 1s hereby incorporated by reference
as 11 1t 1s set forth 1n full 1n this specification, and which also
claims the benefit of Chinese Patent Application No.
2019105122835.X, filed on Jun. 13, 2019, which 1s incorpo-

rated herein by reference 1n 1ts entirety.

FIELD OF THE INVENTION

The present invention relates to the field of power elec-
tronics, and more particularly to multi-phase power convert-
ers and associated control circuits and methods.

BACKGROUND

A switched-mode power supply (SMPS), or a “switching”
power supply, can include a power stage circuit and a control
circuit. When there 1s an input voltage, the control circuit
can consider internal parameters and external load changes,
and may regulate the on/off times of the switch system 1n the
power stage circuit. Switching power supplies have a wide
variety of applications in modern electronics. For example,
switching power supplies can be used to drive light-emitting

diode (LED) loads.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic block diagram of an example
multi-phase power converter, in accordance with the
embodiments of the present invention.

FIG. 2 1s a schematic block diagram of a first example
single-phase control circuit of the multi-phase power con-
verter, 1n accordance with the embodiments of the present
invention.

FIG. 3 1s a wavelorm diagram of a first example operation
of the multi-phase power converter, 1n accordance with the
embodiments of the present invention.

FIG. 4 1s a current-frequency curve diagram of the
example multi-phase power converter, 1n accordance with
the embodiments of the present invention.

FIG. 3 1s a schematic block diagram of a second example
single-phase control circuit of the multi-phase power con-
verter, 1n accordance with the embodiments of the present
invention.

FIG. 6 1s a wavelorm diagram of a second example
operation of the multi-phase power converter, 1n accordance
with the embodiments of the present invention.

FIG. 7 1s a schematic block diagram of a third example
single-phase control circuit of the multi-phase power con-
verter, 1n accordance with the embodiments of the present
invention.

FIG. 8 1s a wavelorm diagram of the example multi-phase
power converter, in accordance with the embodiments of the
present mvention.

DETAILED DESCRIPTION

Reference may now be made in detail to particular
embodiments of the mnvention, examples of which are 1llus-
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2

trated 1n the accompanying drawings. While the imnvention
may be described 1n conjunction with the preferred embodi-
ments, 1t may be understood that they are not mtended to
limit the 1invention to these embodiments. On the contrary,
the invention 1s intended to cover alternatives, modifications
and equivalents that may be included within the spirit and
scope of the imvention as defined by the appended claims.
Furthermore, in the following detailed description of the
present invention, numerous specific details are set forth in
order to provide a thorough understanding of the present
invention. However, 1t may be readily apparent to one
skilled 1n the art that the present invention may be practiced
without these specific details. In other instances, well-known
methods, procedures, processes, components, structures,
and circuits have not been described 1n detail so as not to
unnecessarily obscure aspects of the present invention.

With the development of central processing unit (CPU),
general processing unit (GPU), and artificial intelligence
(Al) chips and devices, power supply circuits with low
voltage, large current, high efliciency, and small volume are
widely used. However, the miniaturization of the circuitry
typically results in an increase in the switching frequency
switching loss of the power switches, and a decrease 1n the
operation efliciency. When the power converter operates 1n
a current critical conduction mode, the main power switch of
the power converter can realize zero-voltage switching. In
such a case, the on loss of the main power switch can be
decreased, such that the power converter can operate at a
higher switching frequency with the same operation efli-
ciency. However, the switching frequency can vary widely
along with the change of the load, which 1s not conducive for
improvement of the operation efliciency within the full load
range.

In one embodiment, a method of controlling a multi-phase
power converter having a plurality of power stage circuits
coupled in parallel, can include: (1) obtaiming a load current
of the multi-phase power converter; (1) enabling corre-
sponding power stage circuits to operate 1n accordance with
the load current, such that a switching frequency 1s main-
tained within a predetermined range when the load current
changes; and (1) controlling the power stage circuits to
operate under different modes 1n accordance with the load
current, such that the switching frequency 1s maintained
within the predetermined range when the load current
changes. In one embodiment, an apparatus can include: (1) a
multi-phase power converter having a plurality of power
stage circuits coupled in parallel; and (11) a control circuit
configured to enable corresponding of the plurality of power
stage circuits to operate in accordance with a load current,
such that a switching frequency i1s maintained within a
predetermined range when the load current changes.

Referring now to FIG. 1, shown 1s a schematic block
diagram of an example multi-phase power converter, 1n
accordance with the embodiments of the present invention.
In this particular example, the multi-phase power converter
can include multiple power stage circuits 1 coupled 1n
parallel and control circuit 2. Here, control circuit 2 can
enable power stage circuits 1 to operate by load current
Iload, such that switching frequency (1) of the multi-phase
power converter can be maintained within a predetermined
range when load current Iload changes. Further, the number
of the enabled power stage circuits can increase as load
current Iload increases. For example, control circuit 2 can
control the power stage circuits to be enabled to operate
according to the range to which load current Iload belongs,
such that switching frequency f can be maintained within the
predetermined range when load current Iload changes. For
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example, control circuit 2 can include current detection
circuit 21, multi-phase management circuit 22, and multiple
single-phase control circuits 23, respectively corresponding
to multiple power stage circuits 1 and feedback circuit 24.
The power stage circuits with the number N, where N 1s a
positive integer are shown 1n this particular example. Cur-
rent detection circuit 21 can detect multiple phase currents
I1, 12 . . . IN, respectively corresponding to multiple power
stage circuits 1, 1n order to obtain load current Iload accord-
ing to the sum of multiple phase currents 11, 12 . . . IN.

Multi-phase management circuit 22, can generate mul-
tiple enable signals EN1, EN2 . . . ENN and multiple clock

signals CLOCK1, CLOCK2 . . . CLOCKN, respectively
corresponding to multiple power stage circuits 1 according
to load current Iload. Here, enable signal ENn (n=1, 2 . . .
N) can enable corresponding power stage circuit 1 to oper-
ate. For example, when enable signal ENn 1s active, the
corresponding power stage circuit 1 may be enabled to
operate normally, and when enable signal ENn 1s 1nactive,
the corresponding power stage circuit 1 may be disabled and
stops operating. In addition, clock signal CLOCKn (n=1,
2 ... N) can adjust the on time of a main power switch of
the corresponding power stage circuit 1 through a phase-
locked loop circuit, in order to perform a phase adjustment.
Therefore, each power stage circuit 1 may operate with a
corresponding predetermined phase to meet other require-
ments of a system.

Multiple single-phase control circuits 23 can respectively
correspond to multiple power stage circuits 1. For example,
cach single-phase control circuit 23 can generate a pulse-
width modulation (PWM) control signal according to cor-
responding phase current “In” (n=1, 2 . . . N), feedback
signal VC, and enable signal ENn (n=1, 2 . . . N), in order
to control corresponding power stage circuit 1 to operate. It
should be understood that the generation of the control
signal may also utilize clock signal CLOCKn to control each
power stage circuit 1 to operate with a corresponding
predetermined phase. Feedback circuit 24 can generate an
error compensation signal as feedback signal VC according
to output voltage Vo of the multi-phase power converter and
reference voltage Vref. In particular embodiments, the mul-
tiple power stage circuits of the multi-phase power converter
can be enabled by the load current, such that the switching
frequency can be maintained within a predetermined range
when the load current changes.

Referring now to FIG. 2, shown 1s a schematic block
diagram of a first example single-phase control circuit of the
multi-phase power converter, i accordance with the
embodiments ol the present invention. Referring also to
FIG. 3, shown 1s a wavelorm diagram of a first operation
example of the multi-phase power converter, in accordance
with the embodiments of the present invention. In this
example, the multi-phase power converter can operate in a
critical conduction mode; that 1s, the main power switch of
power stage circuit 1 may be turned on when phase current
In 1s detected to be zero. For example, each single-phase
control circuit 23 can include zero-crossing detection circuit
231, phase-locked loop circuit 232, on-time circuit 223, and
logic circuit 234.

Zero-crossing detection circuit 231 can detect whether
phase current In 1s less than predetermined current threshold
V1, and may generate a current detection signal. In this
example, the current detection signal 1s set signal VS, and
when phase current In 1s less than predetermined current
threshold Vi, set signal VS can be active. Under the critical
conduction mode, the main power switch of power stage
circuit 1 may be turned on when phase current In 1s detected
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4

to be zero. Therelore, predetermined current threshold Vi
can be set to be zero or slightly less than zero. Further, when
phase current In decreases to be less than predetermined
current threshold Vi, this may represent that phase current In
becomes negative after crossing zero, such that set signal VS
1s active to turn on the main power switch of power stage
circuit 1.

For example, zero-crossing detection circuit 231 can
include comparator CMP1. For example, a non-inverting
input terminal of comparator CMP1 can receive predeter-
mined current threshold Vi, and an inverting input terminal
of comparator CMP1 can receive phase current In. Com-
parator CMP1 may generate a comparison signal with a high
level when phase current In decreases to be less than
predetermined current threshold Vi, where the comparison
signal 1s taken as set signal VS. In particular embodiments,
phase current In can be acquired by sampling resistor Ri, or
in other ways that can realize the active sampling of the
inductor current of power stage circuit 1.

Phase-locked loop circuit 232 can generate clock adjust-
ment signal VT according to clock signal CLOCKn and a
corresponding PWM control signal, thereby adjusting the on
time of main power switch of power stage circuit 1 with
teedback signal VC to perform a phase adjustment, such that
the control signals of the multiple power stage circuits 1 can
keep the same frequency and phase with the corresponding
clock signal CLOCKn. On-time circuit 233 can generate
reset signal VR according to feedback signal VC, clock
adjustment signal VT, and ramp signal Vslope.

On-time circuit 233 can include superimposing circuit
2331, ramp signal generation circuit 2332, and comparator
CMP2. For example, superimposing circuit 2331 may super-
impose clock adjustment signal VT and feedback signal VC
in order to generate feedback signal VC1. In this example,
superimposing circuit 2331 1s formed by an adder circuit.
Moreover, ramp signal generation circuit 2332 can include
switch S1, capacitor C1, and current source 11 coupled 1n
parallel. Here, switch S1 1s controlled by the PWM control
signal generated from logic circuit 234. In this example,
switch S1 can be turned off when the main power switch of
power stage circuit 1 1s turned on. Therefore, current source
I1 can charge capacitor C1 and the voltage of capacitor C1
may gradually increase. In this period, phase current In (e.g.,
the inductor current) of power stage circuit 1 can linearly
increase due to the conduction of the main power switch, as
shown 1 FIG. 3.

Thus, the voltage across capacitor C1 can be changed 1n
synchronization with the inductor current of power stage
circuit 1 when the parameters are accordingly set. Further,
switch S1 may be turned on when the main power switch of
power stage circuit 1 1s turned off, such that capacitor C1
discharges and the voltage across capacitor C1 decreases to
be zero. With the process above repeated, ramp signal
Vslope can be generated at a {first terminal of capacitor C1.
In addition, a non-inverting input terminal of comparator
CMP2 can receive ramp signal Vslope, and an inverting
input terminal of comparator CMP2 can receive feedback
signal VC1. When ramp signal Vslope increases to be the
same level as feedback signal VC1, comparator CMP2 may
generate a comparison signal with a high level, which may
be taken as reset signal VR to control the main power switch
of power stage circuit 1 to be ofl.

Logic circuit 234 can generate the PWM control signal
according to reset signal VR, set signal VS and enable signal
ENn. For example, logic circuit 234 can include a SR
tlip-flop. For example, set terminal S of the SR flip-tlop can
receive set signal VS, reset terminal R of the SR flip-tlop can
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receive reset signal VR, and output terminal Q of the SR
tlip-tflop may generate the PWM control signal. Here, enable
signal ENn can control the operation states of logic circuit
234. For example, when enable signal ENn 1s active, logic
circuit 234 may operate normally and can generate the PWM
control signal, such that the corresponding power stage
circuit can be controlled to operate according to the PWM
control signal. When enable signal ENn 1s mnactive, logic
circuit 234 may stop operating and not generate the PWM
control signal, such that the corresponding power stage
circuit may be disabled and stop operating. Single-phase
control circuit 23 can also include driving circuit 235.
Driving circuit 235 can receive the PWM control signal, and
may convert the PWM control signal into a driving signal to
control the main power switch of power stage circuit 1 to be
on/ofl. In some examples, enable signal ENn can be con-
figured to control driving circuit 235 to be enabled or
disabled, thereby controlling the operation states of corre-
sponding power stage circuit 1.

Referring now to FIG. 4, shown 1s a current-frequency
curve diagram of the example multi-phase power converter,
in accordance with the embodiments of the present inven-
tion. Combining with FIG. 4 and taking the four-phase
power converter (e.g., the number of the power stage circuits
1s 4) as an example, the operation method for the multi-
phase power converter will be illustrated as follows. Since
the power stage circuits of the multi-phase power converter
usually operate under the critical conduction mode, the
switching frequency of a certain power stage circuit can be
inversely proportional to load current Iphase of correspond-
ing power stage circuit; that 1s, single-phase switching
frequency Fsw 1s equal to K/Iphase. In such a case, single-
phase load current Iphase may vary with the number of
phases N 1n the multi-phase power converter and 1s equal to
Iload/N. In addition, single-phase switching frequency Fsw
can be expressed by N*K/Iphase. Both the single-phase
switching frequency and single-phase load current Iphase
may be set to be 1 at full load to realize standardization. In
that case, K may be equal to Imax/N.

Firstly, a total load current-switching frequency curve can
be determined according to the number of the power stage
circuits to operate. As shown in FIG. 4, the total load
current-switching frequency curve 1s S1 when one power
stage circuit operates, the total load current-switching fre-
quency curve 1s S2 when two power stage circuits operate,
the total load current-switching frequency curve 1s S3 when
three power stage circuits operate, and the total load current-
switching frequency curve 1s S4 when four power stage
circuits operate. It can be seen from the total load current-
switching frequency curves S1-S4 that the switching fre-
quency tends to increase with the decrease of the load. Thus,
the switching frequency can decrease as the number of
power stage circuits properly decreases.

Secondly, the number of power stage circuits to operate
may properly be determined according to the current range
to which load current Iload belongs, such that the switching
frequency can be maintained within the predetermined range
at each current range. That 1s, the switching frequency can
be between minimum frequency Fmin and maximum {fre-
quency Fmax. Moreover, mimmimum Irequency Fmin and
maximum frequency Fmax can be set 1n accordance with the
particular application and operation status of the multi-phase
power converter.

As such, the better selection way 1s that both four power
stage circuits operate under the critical conduction mode
when load current Iload 1s greater than operation point 14,
three power stage circuits operate under the critical conduc-
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tion mode when load current Iload 1s greater than operation
point I3 and less than operation point 14, two power stage
circuits operate under the critical conduction mode when
load current Iload 1s greater than operation point 12 and less
than operation point I3, and one power stage circuit operates
under the critical conduction mode when load current Iload
1s greater than operation point I1 and less than operation
point 12. As a result, the switching frequency can be con-
trolled between minimum frequency Fmin and maximum
frequency Fmax.

As discussed above, when the power converter operates
under the critical conduction mode, the main power switch
of the power converter can realize zero-voltage-switching.
In such a case, the on loss of the main power switch can be
decreased, such that the power converter may operate at a
higher switching frequency with a same operation efliciency.
However, the switching frequency can change widely with
the change of the load, which may not be conducive to the
improvement of the operation efliciency within the full load
range. In particular embodiments, the multiple power stage
circuits of the power converter can be enabled to operate by
the load current, such that the switching frequency can be
maintained within a predetermined range when the load
current changes. Thus, the disadvantages that the switching
frequency 1s low and the conduction current 1s great can be
substantially overcome in the single-phase critical conduc-
tion power converter with heavy load. Moreover, the prob-
lem of the switching frequency being high and the operating
elliciency being low 1n the multi-phase critical conduction
power converter with heavy load can be substantially over-
come. In addition, the switching frequency can be reduced
in the single-phase critical conduction power converter n
the discontinuous current conduction mode, such that the
multi-phase critical conduction power converter can operate
ciliciently within the full load range.

Referring now to FIG. 5, shown 1s a schematic block
diagram of a second example single-phase control circuit of
the multi-phase power converter, in accordance with the
embodiments of the present invention. Referring also to
FIG. 6, shown 1s a wavelform diagram of a second example
operation of the multi-phase power converter, 1n accordance
with the embodiments of the present invention. Here, the
difference between the first and second examples 1s that
sampling signal In*Ri1 representing inductor current In 1s
directly taken as ramp signal Vslope. As shown, the non-
iverting put terminal of comparator CMP2 can receive
sampling signal In*Ri1 representing inductor current In, and
the inverting mput terminal of comparator CMP2 can
receive feedback signal VC1. Comparator CMP2 may gen-
erate a comparison signal with a high level when ramp signal
Vslope increases to be the level of feedback signal VC1, and
the comparison signal may be taken as reset signal VR to
control the main power switch to be off.

Retferring now to FIG. 7, shown 1s a schematic block
diagram of a third example single-phase control circuit of
the multi-phase power converter, in accordance with the
embodiments of the present invention. Referring also to
FIG. 8, shown 1s a waveform diagram of a third example
operation of the example multi-phase power converter, 1n
accordance with the embodiments of the present invention.
When load current Iload 1s greater than threshold V1,
corresponding power stage circuit 1 can operate under the
critical conduction mode. When load current Iload 1s less
than threshold V1, corresponding power stage circuit 1
operates under a discontinuous current conduction mode or
a frequency modulation mode, in order to improve operation
ciliciency. Here, threshold V1 can be set according to
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particular application requirements, and operation point 11
can directly serve as threshold V1.

Referring back to FIG. 4, when load current Iload 1s less
than operation point I1, the switching frequency can be
greater than maximum frequency Fmax. Single-phase con-
trol circuit 23 can control corresponding power stage circuit
1 to stop operating under the critical conduction mode and
switch to operate under the discontinuous current conduc-
tion mode, the frequency modulation mode, or another more
active operation mode.

In particular embodiments, the discontinuous current con-
duction mode may be added based on the critical conduction
mode to 1llustrate an example operation method of the
multi-phase power converter. For example, selection circuit
236 may be provided after zero-crossing detection circuit
231, and can choose one of clock signal CLOCKn and
current detection signal VI as set signal VS, and output set
signal VS according to the relationship between load current
Iload and threshold V1. In that case, mput terminals of
selection circuit 236 may respectively receive clock signal
CLOCKn and current detection signal VI, and an output
terminal of selection circuit 236 can selectively output one
of clock signal CLOCKn and current detection signal VI
according to selection signal Vsel.

For example, selection signal Vsel may be 1mnactive when
load current Iload 1s less than threshold V1, which may
represent that the power stage circuit can switch to operate
under the discontinuous current conduction mode. In that
case, selection circuit 236 can choose clock signal CLOCKn
as set signal VS, and may output set signal VS to control the
main power switch to be on. Further, selection signal Vsel
can be active when load current Iload 1s greater than
threshold V1, which may represent that the power stage
circuit can switch to operate under the critical conduction
mode. In that case, selection circuit 236 can choose current
detection signal VI as set signal VS, in order to control the
main power switch to be on.

Current detection signal VI can be generated by clock
signal CLOCKn when load current Iload 1s less than thresh-
old V1, such that multiple power stage circuits 1 can keep
the same frequency and phase as the clock signal. Therefore,
reset signal VR can be generated without clock signal
CLOCKn 1n this particular example. For example, switch S2
may be arranged between phase-locked loop circuit 232 and
superimposing circuit 233, and can be controlled by selec-
tion signal Vsel. Switch S2 may be turned off by inactive
selection signal Vsel when load current Iload 1s less than
threshold V1, such that clock adjustment signal VT may not
influence feedback signal VC. As can be seen from FIG. 8,
when load current Iload 1s less than threshold V1, the
transition time of set signal VS may be consistent with (e.g.,
the same as) clock signal CLOCKn. Also, the transition time
may not be imtluenced by (e.g., can be independent of) the
inductor current crossing zero. In addition, reset signal VR
can be obtained by comparing ramp signal Vslope against
teedback signal VC.

Particular embodiments involve a multi-phase power con-
verter, a control circuit, and/or a control method thereof as
discussed. For the multi-phase power converter, multiple
power stage circuits can be enabled to operate under critical
conduction mode by a load current, such that the switching
frequency can be maintained within a predetermined range
when the load current changes. Thus, when a single-phase
power converter operates under critical conduction mode
with heavy load, the disadvantages of low switching fre-
quency and large conduction current can be substantially
avoided. Moreover, when the multi-phase power converter
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operates under critical conduction mode with a light load,
the disadvantages of high switching frequency and low
working efliciency can be substantially avoided. In addition,
the switching frequency of the single-phase power converter
under discontinuous current conduction mode can be
reduced, such that the multi-phase power converter can
operate efliciently within the full load range.

The embodiments were chosen and described 1n order to
best explain the principles of the invention and 1ts practical
applications, to thereby enable others skilled in the art to
best utilize the mmvention and various embodiments with
modifications as are suited to particular use(s) contemplated.
It 1s mtended that the scope of the invention be defined by
the claims appended hereto and their equivalents.

What 1s claimed 1s:

1. A method of controlling a multi-phase power converter
having a plurality of power stage circuits coupled 1n parallel,
the method comprising:

a) obtamning a load current of the multi-phase power

converter,

b) controlling a number of power stage circuits that are
enabled to operate 1n accordance with the load current,
such that a switching frequency 1s maintained within a
predetermined range when the load current changes;
and

¢) wherein when more than one power stage circuit 1s
enabled to operate, each of the enabled plurality of
power stage circuits operates under a critical conduc-
tion mode regardless of a change of the load current,
and each main power switch 1 each corresponding
enabled power stage circuit 1s turned on when a phase
current corresponding to the power stage circuit drops
to zero, and 1s turned ofl according to a feedback signal,
such that a switching frequency is 1versely propor-
tional to the load current.

2. The method of claim 1, wherein the number of the
enabled power stage circuits increases as the load current
Increases.

3. The method of claim 1, further comprising enabling the
power stage circuits according to the range i which the load
current belongs, such that the switching frequency 1s main-
tained within the predetermined range when the load current
changes.

4. The method of claim 3, wherein the number of the
enabled power stage circuits increases by at least one when
the range to which the load current belongs increases by one
level.

5. The method of claim 1, further comprising detecting a
plurality of phase currents corresponding to the plurality of
power stage circuits and obtaining the load current accord-
ing to a sum of the plurality of phase currents.

6. The method of claim 1, wherein:

a) when the load current 1s greater than a first threshold,
cach of the enabled power stage circuits operates under
the critical conduction mode; and

b) when the load current 1s less than the first threshold,
only one power stage circuit 1s enabled to operate under
a discontinuous current conduction mode or a fre-
quency modulation mode.

7. The method of claim 6, further comprising controlling
the main power switch of the power stage circuit to be turned
on when the phase current drops to zero, and to be turned off
according to the feedback signal when the power stage
circuit operates under the critical conduction mode.

8. The method of claim 6, further comprising controlling
the main power switch of the power stage circuit to be turned
on according to a clock signal, and turned off according to
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the feedback signal, when the power stage circuit operates
under the discontinuous current conduction mode.
9. An apparatus, comprising;:
a) a multi-phase power converter having a plurality of
power stage circuits coupled in parallel;
b) a control circuit configured to enable corresponding of
the plurality of power stage circuits to operate in
accordance with a load current, such that a switching

frequency 1s maintained within a predetermined range
when the load current changes;

¢) wherein when more than one power stage circuit 1s
enabled to operate, each of the enabled plurality of

power stage circuits operates under a critical conduc-
tion mode regardless of a change of the load current,

and each main power switch 1 each corresponding
enabled power stage circuit 1s turned on when a phase
current corresponding to the power stage circuit drops
to zero, and 1s turned off according to a feedback signal,
such that a switching frequency i1s 1versely propor-
tional to the load current.

10. The apparatus of claim 9, wherein the number of the
enabled power stage circuits increases as the load current
1ncreases.

11. The apparatus of claim 9, wherein the control circuit
turther comprises a current detection circuit configured to
detect a plurality of phase currents corresponding to the
plurality of power stage circuits, and to obtain the load
current according to a sum of the plurality of phase currents.

12. The apparatus of claim 9, wherein the control circuit
turther comprises a multi-phase management circuit config-
ured to generate a plurality of enable signals corresponding,
to the plurality of power stage circuits according to the load
current, 1n order to enable the plurality of power stage
circuits.

13. The apparatus of claim 9, wherein the control circuit
turther comprises:

a) a plurality of single-phase control circuits correspond-

ing to the plurality of power stage circuits; and

b) wherein each of the plurality of single-phase control

circuits 1s configured to control switching states of
power switches 1n a corresponding power stage circuit.

14. The apparatus of claim 9, wherein:

a) when the load current 1s greater than a first threshold,

cach of the enabled power stage circuits operates under
the critical conduction mode; and
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b) when the load current 1s less than the first threshold,
only one power stage circuit 1s enabled to operate under
a discontinuous current conduction mode or a ire-
quency modulation mode.
15. A multi-phase power converter, comprising the appa-
ratus of claam 9.

16. The method of claim 7, further comprising generating
a plurality of clock signals corresponding to the plurality of
power stage circuits to perform a phase adjustment, and the
main power switch of the power stage circuit to be turned ofl
according to the feedback signal and a corresponding clock
signal when the power stage circuit operates under the
critical conduction mode.

17. The method of claim 16, further comprising:

a) detecting whether the phase current 1s less than a
predetermined current threshold to generate a current
detection signal;

b) generating a clock adjustment signal according to the
clock signal;

c) generating a reset signal according to the feedback
signal to control the main power switch to be turned off;
and

d) generating a pulse-width modulation (PWM) control
signal according to the reset signal, a set signal, and the
cnable signal.

18. The method of claim 17, further comprising choosing

one of the clock signal and the current detection signal as the

set signal according to a relationship between the load
current and the first threshold.

19. The method of claim 18, wherein:

a) when the power stage circuit operates under the critical
conduction mode, the set signal 1s the current detection
signal, and the reset signal 1s generated according to a
ramp signal and the sum of the feedback signal and the
clock signal; and

b) when the power stage circuit operates under the dis-
continuous current conduction mode or the frequency
modulation mode, the set signal 1s the clock signal, and
the reset signal 1s generated according to the feedback
signal and the ramp signal.

20. The method of claim 19, wherein the ramp signal rises

synchronously with the phase current.

G o e = x
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